Quaternized chitosan Chitosan-lipid bilayer interaction Hydrophobic/hydrophilic balance Lytic activity Antimicrobial and tumoricidal activities Charge cluster mechanism A B S T R A C T The antimicrobial activity of chitosan and derivatives to human and plant pathogens represents a high-valued prospective market. Presently, two low molecular weight derivatives, endowed with hydrophobic and cationic character at different ratios were synthesized and characterized. They exhibit antimicrobial activity and increased performance in relation to the intermediate and starting compounds. However, just the derivative with higher cationic character showed cytotoxicity towards human cervical carcinoma cells. Considering cell membranes as targets, the mode of action was investigated through the interaction with model lipid vesicles mimicking bacterial, tumoral and erythrocyte membranes. Intense lytic activity and binding are demonstrated for both derivatives in anionic bilayers. The less charged compound exhibits slightly improved selectivity towards bacterial model membranes, suggesting that balancing its hydrophobic/hydrophilic character may improve efficiency. Observing the aggregation of vesicles, we hypothesize that the "charge cluster mechanism", ascribed to some antimicrobial peptides, could be applied to these chitosan derivatives.
Introduction
The demand for biodegradable and non-toxic antimicrobials is an increasing field of research for controlling plant pathogens and a variety of harmful microorganisms to human health. Chitosan has been one of the most studied polysaccharides for this purpose. To provide additional properties and applications to chitosan, the synthesis and characterization of new derivatives has been extensively explored through its functionalization with hydrophobic and hydrophilic groups (Benediktsdóttir, Gudjónsson, Baldursson, & Másson, 2014; Huo et al., 2010) . Special attention has been given to its use in antimicrobial coatings (Kong, Chen, Xing, & Park, 2010; Rabea, Badawy, Stevens, Smagghe, & Steurbaut, 2003) , fungicides (Rabea et al., 2005; Radulescu et al., 2015) , bactericides (Li et al., 2011; Seo, King, Prinyawiwatkul, & Janes, 2008) , packaging materials (González-Aguilar et al., 2009) , and crop protection (Bautista-Baños et al., 2006) . Regarding its antimicrobial activity, the mechanism of action is influenced by intrinsic parameters, such as the molecular weight, the degree of deacetylation, the amphiphilic nature, the chelating ability and the physical state (Kong et al., 2010) . Also, its activity is dependent on the type of microorganism and other environmental conditions as pH and ionic strength (Kong et al., 2010; Rabea et al., 2003) .
In general, the antimicrobial activity of plain chitosan is more effective at pH ≪ 6.0 due to protonation of the amino groups, which provides water solubility and a positive charge density to the macromolecular chain, enabling stronger interactions with the cell membrane of the microorganisms (Kong et al., 2010) . Although the exact mechanism of action is unknown, it is well accepted that this interaction may lead to the damage of the cell membrane and leaking of the intracellular constituents (Jung, Kim, Choi, Lee, & Kim, 1999; Xing, Chen, Liu, Cha, & Park, 2009 ). The activity may occur even at low concentrations (≪0.2 g L −1
) through the binding to negatively charged surface of the microorganisms, causing agglutination, while for higher concentrations the binding may also provide a positive surface maintaining the cells in suspension (Sudarshan, Hoover, & Knorr, 1992) .
The molecular weight is considered one the most important parameters for providing antibacterial and antifungal activity and has been extensively studied (Seyfarth, Schliemann, Elsner, & Hipler, 2008) . However, the results found in the literature are controversial; they depend on the physical state (in solution or solid coating) and the type of fungi or bacteria used (González-Aguilar et al., 2009; Guo et al., 2008; Xing et al., 2008) . For example, quaternary derivatives have been reported to exhibit good antifungal activities against Botrytis cinerea Pers. and Colletotrichum lagenarium, and the results indicated that high molecular weight derivatives were more efficient than the low ones (Guo et al., 2008) . Also, high activity has been reported against Candida species and Escherichia coli for oligomeric chitosans (Kulikov et al., 2014) .
Based on studies using phospholipid vesicles as model membranes it has been shown that the interaction of chitosan with large unilamellar vesicles resulted in positively decorated vesicles due to chitosan adsorption onto the membrane. It is suggested that the adsorption process involves both electrostatic and hydrophobic interactions (Quemeneur, Rinaudo, & Pépin-Donat, 2008) . Moreover, alterations in the vesicles structure have been shown to take place by insertion of chitosan chains into the membranes (Fang, Chan, Mao, & Leong, 2001; Mertins, Cardoso, Pohlmann, & da Silveira, 2006; Mertins, Sebben, Pohlmann, & da Silveira, 2005) .
To produce highly active derivatives against bacteria species, the attaching of hydrophobic groups (de Oliveira Pedro et al., 2013; Viegas de Souza et al., 2013) and biologically active moieties is an important strategy (Fernandez-Megia, Novoa-Carballal, Quiñoá, & Riguera, 2007) . The limitation of hydrophobic derivatives is mainly due to their poor aqueous solubility at neutral pH and quaternary derivatives seem to be a good alternative to overcome this limitation (Rúnarsson et al., 2010) . We have previously shown that the interaction of chitosan and its Ndodecyl and poly(ethylene glycol) derivatives with 1,2-dipalmitoyl-snglycero-3-phosphocholine vesicles altered the gel-liquid crystalline phase transition temperature and decreased both the enthalpy and cooperativity of the phase transition (de Oliveira Tiera, Winnik, & Tiera, 2010) . These results indicate that adsorption on vesicles surface and incorporation of these amphiphilic derivatives into the lipid bilayer could lead to vesicles disruption and reorganization (Mertins & Dimova, 2013) .
Considering the importance of microbial membranes as the target for new drugs to avoid the rapid development of resistance mechanisms, we engineered cationic derivatives of chitosan with features that could profit from this advantage for new antimicrobial or antitumor agents. From highly deacetylated chitosans of low molecular weight we prepared compounds that were subjected to a reductive amination reaction with dodecylaldehyde, and subsequently quaternized with methyl iodide to provide solubility at neutral pH. Then, we assessed the antimicrobial activity toward Gram-positive and Gram-negative strains and the cytotoxicity toward human cervical carcinoma cells. The results obtained in the bio-assays lead us to investigate the interaction of the precursors and derivatives with model membranes of different lipid compositions that mimic bacterial (Lohner & Prenner, 1999; Matsuzaki, Sugishita, Fujii, & Miyajima, 1995) , tumoral (Dobrzyńska, SzachowiczPetelska, Sulkowski, & Figaszewski, 2005; Zwaal, Comfurius, & Bevers, 2005) and erythrocyte membranes (Lohner & Prenner, 1999) . This novel and embracing approach helps to understand the mode of action underlying these activities of chitosan and derivatives, which are underexplored and neither clear nor easy to comprehend (Verlee, Mincke, & Stevens, 2017) . Considering the hypothesis that the cationic charge of these compounds will make them target the anionic membranes, we determined their binding through zeta potential measurements. Then, their ability to disturb the model membranes was evaluated by the lytic activity and changes of the lipid packing monitored in fluorometric experiments. Using dynamic light scattering we verified the clustering ability of the compounds. The results are discussed in relation to the degree of substitution of the derivatives, which impart different hydrophobic/hydrophilic features, and interpreted under the light of the mechanisms of action similarly proposed for cationic antimicrobial peptides as the charge cluster mechanism (Epand, Maloy, Ramamoorthy, & Epand, 2010) . The high local density of cationic charges in chitosans clusters anionic phospholipids away from the zwitterionic ones, disturbing the barrier properties of the membranes, promoting leakage and also recruiting other vesicles for charge neutralization.
Experimental section

Materials
Chitosan, 85% DDA was purchased from Polymar Co., Fortaleza, Ceará, Brazil. Dodecylaldehyde, methyl iodide, sodium cyanoborohydride, deuterium chloride (35%) in deuterium oxide, deuterium oxide, 5,6-carboxyfluorescein (CF), diphenylhexatriene (DPH), cholesterol, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were purchased from Sigma Aldrich (St. Louis, MO). Egg L-α-phosphatidylcholine (PC) and egg L-α-phosphatidylglycerol sodium salt (PG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine sodium salt (PS) and cardiolipin (CL) were supplied by Avanti Polar Lipids (Alabaster, AL). Dulbeccós modified eagle medium (DMEM), fetal bovine serum (FBS), L-glutamine, and penicillin/streptomycin were purchased from Life Technologies (São Paulo, Brazil). SpectraPore membranes (Spectrum Laboratories, Rancho Dominguez, CA) were employed for dialysis. All solvents and reagents were of high quality analytical grade and used as received. Water was deionized or ultrapure.
Synthesis of the derivatives of chitosan
The synthesis is summarized in Fig. SI1 . The derivatives were synthesized using 98% deacetylated (by 1 H NMR) and degraded chitosan sample (CH2; Mw 12.0 kDa and Mw/Mn 1.34; Fig. SI2a ), which was obtained following a previously described procedure (Tiera et al., 2006) . Shortly, CH2 was subjected to hydrophobic modification through reductive amination with dodecylaldehyde (Desbrières, Martinez, & Rinaudo, 1996) , and the dodecylated derivative (CHDD) was quaternized as detailed elsewhere (Rúnarsson, Holappa, Jónsdóttir, Steinsson, & Másson, 2008) .
To produce a derivative containing 20% dodecyl groups (CHDD20), 0.5 g of CH2 was dissolved in a mixture of 90 mL acetic acid 2% and 50 mL ethanol. The pH was adjusted to 5.7 and, while stirring, 0.15 mL of dodecylaldehyde dissolved in 20 mL ethanol was drop wise added to the reaction mixture. It was continuously stirred for 24 h at room temperature; sodium cyanoborohydride (6:1, NaCNBH 3 :NH 2 , mol mol −1 ) was added after the first hour. Thereafter, the reaction mixture was precipitated by adding aqueous NaOH (1.0 mol L −1 ), centrifuged, washed with water and methanol and dried at 50°C for 24 h (Table 1 ). The quaternization using methyl iodide (Rúnarsson et al., 2008) was carried by dispersing 0.5 g of the CHDD20 in 25 mL DMF/water (50:50) under vigorous magnetic stirring. Based on the amino groups content of CHDD20, sodium hydroxide and methyl iodide were added to the solution at equivalent ratios of 3:1 and 6:1, respectively. Then, the mixture was stirred at room temperature and after 48 h the addition was repeated at the same ratio. This step was again repeated twice to generate CH30 and three times for CH50. The pH was monitored and maintained above 7.0 by addition of solid sodium hydroxide (Rúnarsson et al., 2008) . The reaction mixture was dialyzed (using a membrane of 3500 g mol −1 MWCO) against water for 5 days
